Purpose: Retinoblastoma (Rb) is the most common intraocular malignant tumor, which is not only unique but also has unraveled many novel aspects of tumor-suppressor genes. Genetic mutations of Rb, loss of phosphorylation, and many other factors resulted in uncontrolled cell division of the retinal cells resulting in tumor progression. In this study, we have analyzed the gene expression patterns of unilateral tumors (n = 11) in comparison to the normal-appearing retina (n = 2) from Rb patients who underwent enucleation for advanced Rb. With recent advances in the knowledge of the role of stem cells in these tumors, it is important to evaluate and understand the self-renewal signaling involved in these tumors. Here, in this study, we particularly aimed at evaluating the aberrant self-renewal signaling pathways in human Rb tumors and genes which show differential expression in cases with and without histologic risk factors (HRF). Materials and Methods: Freshly unfixed eyeballs (n = 11) were obtained. Normal-appearing retinas were pooled together (n = 2) and used as a control for microarray experiments. Total RNA was isolated from tumors and control tissues, and expression of genes was evaluated by hybridizing to expression arrays. Using real-time polymerase chain reaction (PCR), the results, thus, obtained were validated (for expression of N-Myc, HMGA2, LIN-28b, and Activin receptor 1C [ACVR1C]) in tissues compared to two control retinas latter obtained from enucleated Rb eyeballs without tumor. Furthermore, immunohistochemistry (IHC) was done on retrospective (n = 19) cases to confirm the expression of ACVR1C. Results: In Rb tumors, 5593 genes were upregulated and 4864 genes were downregulated (P ≤ 0.05 and fold change ≥1.5 folds). Changes in N-Myc, HMGA2, LIN28b, and ACVR1C expression detected by microarray were validated by real-time PCR. The analysis shows significant up-regulation of HMGA2 and its downstream regulator LIN-28b, which is involved in self-renewal pathway of fetal neural stem cells. ACVR1C is one of the markers, which shows differential expression between histological subtypes of tumors as evident in IHC. CBLB (P ≤ 0.05) and MAPK 8 (P ≤ 0.05) were shown to be highly upregulated in tumors without HRF compared to cases with HRF. Conclusions: This study showed up-regulation of genes involved in neural stem cell self-renewal and marginally in notch signaling. While other stem cell pathways such as Wnt and sonic hedgehog (SHH) pathways were upregulated in
Introduction
R etinoblastoma (Rb) is a childhood malignant tumor, which generally develops within 5 years of age. This tumor is the result of mutations in RB1, a tumor-suppressor gene and it may be manifested in genetic or sporadic forms. RB1 gene, taken part in various mechanisms such as anti-apoptosis, differentiation, cell cycle regulation, DNA repair, and DNA replication. [1] Previous studies demonstrated the presence of a small population of cells in many solid tumors that retain the characteristics of self-renewal, differentiation ability in vitro, and tumor-forming ability in vivo, and these were referred to as cancer stem cells. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In Rb, recent reports showed that tumor cells express the markers of stem cells such as MDR1, ABCG2, Oct4, Nanog, ALDH1, and CD44. [6, [12] [13] [14] [15] [16] [17] [18] Subpopulations within this tumor were also evaluated for differential expression of markers and shown that FSC lo /SSC lo population is primitive when compared to that of FSC hi /SSC lo . [6] In addition to the phenotypic characterization, it was suggested that loss of Wnt signaling is responsible for the formation of Rb tumor and activating this signal by lithium chloride treatment resulted in the increase of stem-like cells. [19] Evidences from other tumors showed that the cells in tumors have elevated stem cell pathway regulators and as a result may exhibit the resistance to chemotherapy. [20] [21] [22] [23] [24] [25] Hence, the evaluation of various signaling pathways specific for stem cells in Rb tumor may aid in designing better therapeutic strategies for targeting stem-like cells to overcome resistance in this tumor.
We evaluated the expression of various stem cell markers and signaling pathways in Rb tumors as compared to pooled samples of normal retinas. Although HMGA2 was reported earlier, [26, 27] its role in stem cell self-renewal was not emphasized in these tumors. Hence, in this study, we specifically looked at HMGA2 and Lin28b gene expression and analyzed its self-renewal signaling in these tumors. In addition, we looked for novel biomarkers expressed in different types of Rb tumors. The expression of these genes was correlated with histopathologic risk factors in these tumors.
Materials and Methods

Tissue collection
Unfixed prospective tumor samples were obtained (n = 11) with the approval of the study by the Institutional Review Board and in accordance with Helsinki guidelines. Histologically, normal retinas were collected from enucleated eyeballs of Rb patient for use as controls (two samples pooled together) in microarray experiments. Two other control retinas obtained from Rb patients without tumor were used for Real-time polymerase chain reaction (PCR) assays to validate results of microarray experiments.
Extraction,
semi-quantitative, and real-time polymerase chain reaction Total RNA was extracted from human tissues, which was also used in MA procedure (Rb tumor and normal retina) using TRI-reagent (Sigma-Aldrich, St. Louis, USA) according to the manufacturer's protocol. Two micrograms of RNA was reverse transcribed using a cDNA synthesis kit (Applied Biosystems, USA) and 1/100 th of the reaction product was used per 20 µL Real-time PCR reactions. Real-time PCR was performed using Dynamo™SYBRgreen 2X mix (Finnzymes, Finland) in triplicates and quantitation was performed in ABI Prism 7000 sequence detection system and analyzed with SDS 2.1 software (Applied Biosystems, USA). The expression of Glyceraldehyde adenosine phosphate dehydrogenase (GAPDH) gene was the internal control these tumors. Targeting these self-renewal pathways would aid in eliminating the resistant cells in this tumor and thus may help in treating the recurrence. Genes such as CBLB, MAPK 8, and ACVR1C can be used as potential biomarkers in this tumor to prognosticate cases with or without HRFs and differentiation of the tumors.
Keywords: Biomarkers, cancer pathways, gene microarray, retinoblastoma Unpaired t test was used to get the P value. The sequence of primers used in this study is given in Table 1 .
Microarray protocols and data analysis
Microarray was performed using whole human genome (4 × 44k) cDNA arrays (Agilent Technologies, USA). For labeling reactions, 500 ng each of RNA from 11 Rb patients and from two control tissues pooled into one was used. Labeling of the probes was done using the Low RNA Input Linear Amplification Kit (Agilent Technologies, USA) where total RNA is first converted to cDNA using T7-oligo d (T) primers. From this cDNA, labeled cRNA was generated through an in vitro transcription reaction using T7 RNA polymerase and Cy3 (for one normal retina RNA) or Cy5 (Rb RNA) CTP, respectively. Labeled cRNA was purified using RNAeasy columns (QIAGEN GmbH, Germany). Labeled probes were quantified using spectrophotometer (NanoDrop-1000, Thermo Scientific, USA) and resolved on 1% Agarose gel and scanned using the Typhoon 9210 scanner (GE Life Sciences, USA), to assess the integrity. Samples with higher labeling efficiency (specific activity ≥8 pmol Cy3 or Cy5/µg cRNA) were selected for competitive hybridization as per the manufacturer's protocol. 825 ng each of cyanine 5 and cyanine 3 labeled cRNAs from Rb patients and from normal tissue were mixed, added to hybridization buffer and placed on the array. Hybridizations were done in a hybridization chamber (Agilent Technologies, USA) for 17 h at 65°C with gentle rotation. After hybridization, washing of the slides was performed using wash buffer kit (Agilent Technologies, USA) as per the manufacturer's protocols and dried at room temperature. The slides were scanned in a scanner (Agilent Technologies, USA). The image analysis was performed using Feature extraction tool version 9.5.3.1 (Agilent Technologies, USA) and data analysis was performed using GeneSpring version 10 (Agilent Technologies, USA). The background corrected raw intensity values were used for analysis. LOWESS algorithm was used 
Immunohistochemistry
For immunohistochemistry (IHC) eleven more cases were taken in addition to the MA samples (n = 11). These include formalin-fixed paraffin-embedded sections of 4-µm thickness of well (n = 6), moderately (n = 7), poorly differentiated (n = 7), and retinocytoma (n = 2) tumors. Hepatocellular carcinoma was used as a positive control for the expression of Activin receptor 1C (ACVR1C). After alcohol and xylene washes, peroxide blocking was done for 30 min. The antibody used was rabbit anti-human ACVR1C (Abcam, U. K) in the dilution of 1:40. Epitope retrieval was done in the microwave at 100°C in Tris-ethylenediaminetetraacetic acid buffer (pH 9.0) for 18 min. Before adding primary antibody, sections were blocked for nonspecific binding using phosphate buffered saline-bovine serum albumin (1%) for 30 min. After overnight incubation of primary antibody at 4°C, sections were washed and then incubated with peroxidase-conjugated Envision FLEX substrate buffer polymer detection kit (Dako, Denmark) for 30 min at 4°C. DAB (3', 3'-Diamino benzidine tetra HCl, Sigma-Aldrich, USA) was added for 5 min. Then, the sections were mounted using DPX mount and visualized under a microscope. Grading of tumors was done by an ocular pathologist (GKV) for the expression of ACVR1C marker.
Microarray image and data analysis
Array image analysis was done using Agilent's Feature Extraction Software, Agilent Technologies, USA. Filtering and compilation of data have been done using R Software (http://www.r-project.org/). Spots of compromised quality and with low intensity were eliminated from the analysis, background subtracted signal intensities are normalized using LOWESS method (Gene spring version 10). T-test was performed to identify differentially regulated genes in Rb samples in comparison to normal and Cy5:Cy3 ratios are calculated. The genes showed consistent regulation in at least 75% of the samples and showed fold change greater than ±1.5 fold were considered for functional enrichment analysis and further for validation using real-time PCR. For genes that were deregulated in subtypes of tumor (WD/MD vs. PD) and tumors with histologic risk factors (HRF) vs. without HRF Fc greater than ±2 fold were considered and Fisher's exact test was applied to get P value. 
Enrichment analysis of biological functional groups and pathways
We evaluated the significance of differentially regulated genes on the biological processes using DAVID bioinformatics resources. [27] To eliminate general biological processes, we chose the gene ontology level 5 and also picked those biological processes that are highly enriched and showed P ≤ 0.05 [ Figure 1 ]. Various pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes pathway database. [28] 
Results
Clinical features
The clinical features of 22 Rb cases are summarized in Supplementary Table 1. The mean age of patients was 2.4 years in which 15 patients were male and nine were female. Out of 22 cases, there were four eyeballs from bilateral cases and remaining from unilateral. None of the cases has bone marrow/cerebrospinal fluid involvement.
Adjuvant chemotherapy was given to seven cases after enucleation and in one case enucleation was done post-chemotherapy. Eleven eyeballs were categorized as ICIR Group D and five as ICIR Group E.
Histopathology examination
Twelve tumors were well and moderately differentiated, whereas eight were poorly differentiated, retinocytoma-like areas were present in one case and also in one MD case. Histopathologic high-risk factors were noted in 11/22 cases, which include 3/11 cases with optic nerve and lamina cribrosa involvement, 4/11 pre laminar cribrosa, 1/11 cases with full-thickness choroid, 2/11 cases with lamina cribrosa and full-thickness choroid involvement, and 1/11 cases with optic nerve and anterior layers of cribrosa involvement. None of the cases showed bone marrow/CSF involvement.
Gene expression in retinoblastoma tumors
There was up-regulation of 5593 genes (≥1.5 fold) and down-regulation of 4864 genes (≤1.5 fold). A comprehensive analysis of the microarray data revealed genes belonging to cell cycle, DNA repair, aminoacyl-t-RNA biosynthesis. In neuronal tissues such as negative regulation of neuron apoptosis, vasculogenesis, somitogenesis, and neural crest cell development and differentiation. The list of top 25 highly upregulated and downregulated genes is mentioned in Tables 2 and 3 . We identified vascular endothelial growth factor (VEGF) signaling pathway (P = 0.0019), transforming growth factor (TGF)-beta signaling pathway (P = 0.009), p53 signaling pathway (P = 0.017), insulin signaling pathway (P = 0.032), chemokine signaling pathway (P = 0.011), and Wnt signaling pathway (P = 0.05) that are highly deregulated in Rb tumors [ Figure 1 and Table 4 ].The pathways were then compared with the histologic features for correlation [ Tables 5 and 6 ]. It was observed that TGF-β, p53, and cancer signaling pathways were upregulated significantly, whereas chemokine signaling pathway along with VEGF, WNT, and senescence were downregulated predominantly in cases of poorly differentiated tumors [ Figure 2 ]. The genes with differential expression in five PD cases and 6 MD/WD tumors, i.e., ≥ or ≤2-fold change are enlisted in Table 5 .
Microarray results were confirmed by real-time PCR for MYCN, HMGA2, Lin 28b, and ACVR1C in 11 RB tumors compared to n = 2 control retina tissues [ Figure 3a -d].
The mRNA expression levels of MYC N, HMGA2, and Lin28-b were statistically significant and the P values of the genes were 0.0014, 0.0007, and 0.0008, respectively. The P value for ACVR1C is statistically significant (P = 0.015) by microarray analysis [ Table 5 ], which was further validated using real-time PCR analysis and IHC as shown in Figures 3d and 4 . The expression of ACVR1C in WD tumors, especially in areas of rosettes is very less as compared to PD areas. In retinocytoma areas, the expression is very less/almost absent as shown in Figure 4d -g, j and l.
HMGA2 signaling
Microarray results showed that the fold expression of HMGA2 is higher in PD compared to MD tumors (mean expression in five each of MD and PD were 45.66 and 52.4, respectively). Real-time PCR validation showed that mRNA expression levels of HMGA2 and LIN-28B in 11 tumor samples were significantly upregulated and P were 0.0007 and 0.0008, respectively [ Figure 3a , b]. Our results suggest that HMGA2 signaling is highly elevated in human Rb tumors. Regulators of various other signaling pathways that were deregulated, i.e., ≥ or ≤1.5-fold change is listed in Table 4 . The genes that had differential expression in five PD cases and 6 MD/WD tumors, i.e., ≥ or ≤2 Fc are listed in Table 5 .
ACVR1C nodal signaling regulator is highly upregulated in PD compared to MD/WD and retinocytoma tumors as shown in Figures 3d and 4 and Table 5 . In addition to this pro-apoptotic regulator BAD is significantly downregulated in MD/WD compared to PD tumors (P = 0.015). Other gene which is downregulated in MD/WD tumors and unregulated in PD tumors was GNB2 and the P = 0.015 value was shown to be statistically significant. RASA1 was upregulated in 50% of the MD/WD cases, while it is unregulated in all of the PD tumors. RRM2 was upregulated more than 2 folds in 60% of PD tumors and unregulated in 83% of MD/ WD cases. SHH was downregulated <2 folds in 60% of the PD tumors and unregulated in 83% of WD/MD tumors. SMAD3 was upregulated more than 2 folds in 83.7% of MD/WD tumors and unregulated in 60% of PD tumors [ Table 5 ].
CBLB (P ≤ 0.05) and MAPK8 (P ≤ 0.05) were shown to be highly upregulated in tumors without HRF compared to cases with HRF [ Table 6 ]. The senescence markers such as TOP2B (1.56), NPY5R (2.4), ATM (4.62), and P53 (2.23) were found to be upregulated in all tumors with higher expression in PD tumors. However, there was no significant difference in the expression of senescence markers between HRF and no HRF cases. The downregulated senescence-related genes in the cohort were SLIT2 (-2.02), CCNA1(-2.41), PTEN (-1.86), and MIF (-2.12).
Discussion
Rb is the most common intraocular childhood tumor arising from mutations in both alleles of the RB1 gene. Few studies have demonstrated the presence of markers expressed by slow cycling self-renewal stem-like cells in Rb tumors. [6, [12] [13] [14] [16] [17] [18] 28] As there is a limited amount of literature regarding the gene expression profile in these tumors, the present study aimed at analyzing stem cell pathway gene expression profiles in these tumors. The results of our study show that HMGA2, which is a fetal neural stem cell signaling, is highly upregulated. HMGA2 gene and its downstream regulator LIN 28b were highly upregulated in Rb tumor samples in comparison to normal retina. Microarray results have shown that there is an average of 48.6-fold up-regulation of the HMGA2 gene. Whereas the downstream regulators of HMGA2 signaling like LIN-28b were significantly deregulated. The expression of LIN-28b gene is upregulated by 2.1 folds. These results suggest the hypothesis that fetal neural stem cell self-renewal signaling is highly upregulated in Rb tumors.
In humans, HMGA2 is strongly expressed in early stages of development and its expression is restricted to particular cell types. In adults, the function of HMGA2 gene is replaced by Bmi-1 in certain tissues. [29, 30] Recent studies have shown that HMGA2 gene is involved in self-renewal of fetal neural stem cells and retinal stem/progenitor cells in mouse models. [31, 32] It was shown that HMGA2 deficient mice have defects in the self-renewal ability of fetal stem cells. This study has suggested that HMGA2 loss do not result in overall decrease in cellular proliferation but specifically affects stem cell self-renewal. [32] Expression of HMG family of genes was correlated in various other tumors such as neuroblastomas, breast, small-cell lung carcinoma, and human prolactinomas. [33] [34] [35] [36] [37] [38] [39] It was reported earlier that HMGA2 de-repression was observed in Rb tumors and was shown to be expressed in high-risk metastatic tumors. [26, 27, 40] Moreover, it was shown that micro RNAs like let-7b was downregulated in 39% of Rb tumors. [40] In addition, results of this study show that there is an average 2.1-fold up-regulation of LIN 28b which suggests indirectly that let-7b is not activated and hence, self-renewal signaling is high in these tumors. Further validation of LIN28bis warranted as it might prove to be a therapeutic target. It would be worthwhile to explore the expression of these genes within the Rb CSCs in comparison to nonCSCs in a larger cohort. This data suggest that stem cell signaling like HMGA2 was shown to be activated in these tumors and further supports the hypothesis of the presence of cancer stem cells.
This data also suggest that nodal signaling is highly deregulated in these tumors as higher ACVR1C expression is observed in PD tumors, the downstream regulators like Smad2/3 was unregulated in 60% of PD tumors. BAD, a pro-apoptotic gene is highly downregulated in MD/WD tumors suggesting that apoptosis is minimal in these subtypes.
In the present study, CBLB and MAPK8 which are insulin signaling pathway regulators showed significantly upregulated (P = 0.024) in tumors without HRF compared to the tumors with HRF. Studies have shown that CBLB reduces the invasive ability of the by preventing EMT and the gene being upregulated in Rb cases without any risk factors for metastasis confirms the same. [41] MAPK8 or JNK1 has been shown to be both involved in tumor promotion as well as tumor suppression. Further studies are warranted in Rb to decipher the role of MAPK8 specific to Rb. [42] Microarray results also revealed that other stem cell self-renewal regulators like Notch pathway, for example, Notch1, EP300, RBPJ, and MAML were marginally upregulated and the negative regulators of this signaling like NUMB and HDCA2 were unregulated. We have also evaluated Wnt signaling pathway regulators, and they were observed to be downregulated in our data set which is in agreement with the study of Silva et al. [19] This data suggest that stem cell signaling like HMGA2 and Notch were shown to be activated in these tumors and further supports the hypothesis of the presence of cancer stem cells.
Our data also revealed that retinal specific genes that were differentially regulated. The microarray data were submitted to the RetChip database, and results showed that ten genes related to retina were highly upregulated which were-NPTX1, MYO10, GALNT13, PFTK1, CNTN1, PCSK2, PLAGL1, SSTR2, MBP, and FZD8, respectively (P < 0.05). The genes that were highly downregulated are STAT4, HES1, CLDN5, PAX6, FBOX2, IRX5, GDNF, ROM1, PDE6A, and ARR3 (P < 0.05). Kapatai et al. have also analyzed the retinal-specific gene expression in human Rb tissues when compared to normal fetal retina. [43] Their study identified two Rb subgroups, one with expression of multiple retinal cell type-specific genes and the other with only cone photoreceptor gene expression. Our study is in agreement with the findings of their study; however, differentiation and HRF appeared to be associated with a few pathways we did not identify a single retinal cell-type-specific gene expression in our cohort.
Previous two gene expression studies have shown contradicting results regarding the deregulation of PI3K/AKT/mTOR (insulin pathway) pathway. [44, 45] Arun kumar et al. have shown that there is up-regulation of this signaling, which is marginally upregulated in the present data set. In contrast, this signaling was not regulated in study conducted by Ganguly and Shields. [45] In the present study, the primary regulators of this pathway such as TP53 (2.23- The other reported proto-oncogenes in Rb tumors such as MYCN and its target gene, MDM2, and RXRG were observed to be upregulated in the cohort. [18, 45] In this study, MYCN is highly upregulated in all tumors as confirmed by several other studies. MDM2 and its transcriptional activator, RXRG which are notably involved in P53 inactivation are marginally up-regulated in two cases and unregulated in other tumors. Both CRX and THRB which are crucial for cone cell differentiation [46, 47] were downregulated in six cases. LHX1 (LIM homeobox gene, horizontal cell marker), which was shown to be present in Rb cell of origin (horizontal cells) in mouse models of Rb [48] was observed to be downregulated by 2.5-fold in the human Rb samples. This hints at a ubiquitous progenitor gene signature within the Rb cells that suppresses retinal differentiation, which is concordant with the findings by McEvoy et al. [49] Cell senescence is an important mechanism crucial in aging and cancer that causes irreversible differentiation to cells preparing them for programmed cell death. However, in cancers, it has been observed that a variety of senescence-related genes are repressed or expressed. This can either be as a cancer-inhibiting or promoting strategy which has been debated by several groups. [50, 51] Senescence markers such as TOP2B, ARF1, and P53, which have been well explored in several tumors, have found to be upregulated in the cohort, which indicate that there is an intrinsic mechanism to suppress senescence within the tumor in spite of these genes getting activated to control tumor progression. This could be explained by the down-regulation of other senescence related genes such as-SLIT2, CCNA1, PTEN, and MIF. These genes were downregulated to a larger extent in HRF (P = 0.2) and WD cases (P = 0.3). Senescence in Rb is a relatively less explored phenomenon and we believe that this can be translated into a targeted therapy to induce tumor differentiation in cases where there is high cellular activity and proliferation. [52] Limitations In many tumors, there is vast amount of gene expression data available in databases, but in Rb, only a couple of reports are available. In one report, they have compared the expression of genes in tumors against adult retina [44] in the other, they have compared against normal appearing retina in the Rb eye [45, 46] Due to the nonavailability of age-matched human infant/juvenile retina, this study attempted to evaluate gene expression profiles of human Rb tumors compared to the retina collected from nontumor calotte of eyeball diagnosed for Rb.
Conclusions
In summary, fetal neural stem cell signaling is highly upregulated in human Rb tumors. Notch signaling is marginally upregulated and other stem cell self-renewal pathways such as Wnt, SHH were downregulated. Nodal signaling is also deregulated in these tumors. Genes such as CBLB, MAPK 8, and ACVR1C can be used as potential biomarkers in this tumor to prognosticate cases with or without HRFs and differentiation of the tumors.
